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The support of epitaxial films frequently determines their crystallographic orientation, which is of crucial importance for their properties. We report a novel way to alter the film orientation without changing the substrate. We show for the growth of CoO on the Ir(100) surface that, while the oxide grows in (111) orientation on the bare substrate, the orientation switches to (100) by introducing a single (or a few) monolayer(s) of Co between the oxide and substrate. This tunability of the orientation of epitaxial films by the appropriate choice of interface chemistry most likely is a general feature. Epitaxial films of transition-metal oxides grown on metal surfaces have been intensely investigated recently (for a review, see Ref. [1] ). On most (100) oriented substrates with face-centered-cubic symmetry, the rocksalt-structured oxide films grow in the low-indexed (100) or (111) orientation. It is often argued that the size of the lattice misfit between the oxide and support-mirrored by the (compressive) strain under which (100) oriented oxides would suffer in pseudomorphic film growth-is decisive for the film orientation, which in turn is crucial for their physical properties. Indeed, for small strain values (100) oriented oxides were observed for NiO [2] and CoO [3] on Ag(100) ( ¼ 2:0% and 4.1%, respectively), while for large strain as for CoO=Irð100Þ [4] [5] [6] [7] [8] and MnO/Rh(100) [9] ( ¼ 9:9% and 14.5%, respectively) films in (111) orientation develop. Yet, in a number of cases (100) films were observed with even considerable nominal strain involved, for example, on Pd(100) for NiO [10] [11] [12] ( ¼ 6:7%), CoO [13, 14] ( ¼ 8:7%), or MnO [15] [16] [17] ( ¼ 12:5%). In these cases, however, the (100)-type growth starts with a layer exhibiting a cð4 Â 2Þ periodic near rhombic arrangement of transitionmetal vacancies, equivalent to overall TM 4 O 3 stoichiometry, which is supposed to allow for strain relief.
In contrast, for CoO=Irð100Þ-for which the nominal strain ( ¼ 9:9%) fits to the range of the above casesno Co 3 O 4 =Irð100Þ phase is observed. This indicates that the oxide's orientation is dominated by the chemical interaction between the film and substrate rather than by strain. This is illustrated by showing that for CoO on Ir the growth can be switched from (111) orientation on the bare substrate to (100) when one or a few (m) pseudomorphic Co monolayers (ML) are introduced as an additional interface between the oxide and support whereby the oxide's strain remains the same. In the initial oxidation process, this leads to Co 3 O 4 =m ML Co=Irð100Þ phases whereby the oxide exhibits the same cð4 Â 2Þ superstructure of Co vacancies as cited. By further deposition and oxidation of Co, vacancy-free CoO(100) layers grow whose lattice parameter relaxes towards that of bulk CoO.
We apply both experimental and theoretical methods, i.e., quantitative low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM) as well as firstprinciples calculations based on density functional theory (DFT). The calculations not only confirm the structural results obtained by the LEED analysis but also show that the Co 3 O 4 À cð4 Â 2Þ phase is unstable on the bare Ir(100) surface but can be stabilized on 1 ML Co=Irð100Þ. For the present epitaxial system, we prove that the mere consideration of strain and stress is too simple and that the chemistry of the very interface is crucial, as it tunes the oxide's orientation whereby the cð4 Â 2Þ phase is a precursor for (100) growth.
The initial oxide grown on the unreconstructed Irð100Þ À ð1 Â 1Þ surface was prepared by deposition of several pseudomorphic Co monolayers in the range 1 ML coverage in order to eventually achieve a film of uniform height). They were exposed to an oxygen atmosphere (5 Â 10 À9 mbar) for about 1 min at 320 K followed by annealing at 670 K. Independent of the number m of full Co layers, a wellordered cð4 Â 2Þ superstructure develops which, as will be shown, is confined to the top layer and exhibits a cð4 Â 2Þ periodic arrangement of Co vacancies. The cð4 Â 2Þ À Co 3 O 4 =m ML Co=Irð100Þ phases and the further growth of (100) oriented CoO were investigated by LEED and STM for m ¼ 1-5 (for m ¼ 0 these phases do not develop). The structure and energetics of a single cð4 Â 2Þ oxide layer-which is a crucial precursor for (100) film growth-were investigated by quantitative LEED (for m ¼ 1 and 3) and DFT (for m ¼ 1). The LEED intensities were recorded at normal incidence and for the sample at 100 K by using a computer-controlled video method [18] . They were evaluated by applying the perturbation method TENSORLEED [18, 19] by use of the TENSERLEED code [20] . A structural search procedure [21] was applied controlled by the Pendry R factor R [22] . DFT calculations were performed with the Vienna ab initio simulation package (VASP) [23] , by using projector augmented wave potentials [24] and the Perdew-Burke-Ernzerhof exchange-correlation functional [25] . A k-mesh grid of 16 Â 16 Â 1 points in the (1 Â 1) cell was used for the Brillouin zone integration. As the DFT calculations do not capture the full correlation effects of bulk CoO, both standard DFT and densityfunctional theory plus Coulomb repulsion parameter U (DFT þ U) [26] values are reported (U À J ¼ 1). The substrate was modeled by a five-layer slab, where the two uppermost layers were allowed to relax. The surface stress was evaluated from an explicit deformation of the supercell [27, 28] . The phase diagrams have been constructed in the framework of the ab initio thermodynamics [29] .
In the initial preparation procedure, only the (incomplete) top Co layer is oxidized. Figures 1(a) and 1(b) display the LEED and STM images for m ¼ 1 (i.e., a 3 4 ML Co on top of a full Co layer). The inset in the latter shows that the cð4 Â 2Þ structure is due to deep depressions, each surrounded by 8 protrusions. By further exposure of a cð4 Â 2Þ À Co 3 O 4 =m ML Co=Irð100Þ phase with several monolayers of Co to oxygen at first small CoO(100) islands develop as displayed in Fig. 1(d) for m ¼ 5. Below them, the cð4 Â 2Þ phase is transformed to CoO(100) forming a moiré structure of about (12 Â 12) periodicity [ Fig. 1(c) ]. It stems from the superposition of the more or less unstrained CoO(100) and the substrate. The cð4 Â 2Þ spots have disappeared. In the hollow-type areas of the moiré structure, there are again CoO(100) islands [ Fig. 1(e) ]. Their size (% 20 A) seems to be limited by that of the moiré hollows, and their spacing is according to the superstructure periodicity, i.e., 12a p;Ir % 33 A (a p;Ir ¼ 2:715 A). These results show that the cð4 Â 2Þ phase is a precursor for the growth of CoO(100). Indeed, further film growth by reactive deposition of Co leads to a fourfold symmetric LEED pattern and a STM image with quadratically arranged protrusions [Figs. 1(f) and 1(g)], both consistent with the bulk lattice parameter of CoO. Similar to the (111) films growing on bare Ir [see the LEED and STM images in Figs. 1(h) and 1(i)] and being stable up to high temperatures [4] [5] [6] [7] [8] , the (100) films are stable up to 1000 C. As the cð4 Â 2Þ phase plays a crucial role as a precursor for (100) growth and develops only on the additional Co interface but not on the bare substrate, it deserves a detailed investigation of its structure, energetics, and stability. By LEED intensity analysis we retrieve a vacancy model similar to that found for cð4 Â 2Þ À Ni 3 O 4 =Pdð100Þ [10, 11] . Yet, in contrast to the latter, a convincing agreement of experimental and calculated spectra (R ¼ 0:172) can be achieved only with the additional Co layer below the oxide. Also, in-plane and vertical relaxations induced by the vacancies are essential. . Panel (c) displays the LEED pattern resulting when a cð4 Â 2ÞCo 3 O 4 =5 ML Co=Irð100Þ phase is further oxidized; panels (d) and (e) display corresponding STM images at different scales and oxidation states. In (f) and (g), the LEED pattern and STM image are given which develop for further reactive deposition of Co, i.e., growth of CoO(100). For comparison, the LEED pattern and STM image for a (111) oriented film growing on the bare Ir substrate are displayed in panels (h) and (i), respectively [6] . Note that there are 2 orthogonal domains.
(R ¼ 0:174), whereby the best-fit parameters of the oxide layer are close to those for m ¼ 1.
Finally, we investigated the energetics of the films to elucidate the driving mechanism for the formation of the Co 3 O 4 layer. The stability of the surface oxide layer is commonly related to the mismatch-induced strain. Yet, this is not a safe guide as several (100)-type surface oxide layers with a formally large lattice mismatch are experimentally observed as cited above. One of the reasons for this discrepancy is the reference value of the oxide's lattice parameter for which usually the bulk value is used. Yet, the low dimensionality of an unsupported oxide monolayer leads to a lattice compression. So, the DFT (DFT þ U) calculations predict a lattice parameter of 4.22 Å (4.26 Å ) for bulk CoO but 3.94 Å (3.94 Å ) for a stoichiometric CoO single layer and even 3.75 Å (3.80 Å ) for the Co 3 O 4 layer. Although the interaction with the substrate will lead to a lattice expansion in comparison with the unsupported layer, these values still illustrate that the formal mismatch to the Ir lattice constant (3.88 Å ) is significantly lower than commonly assumed.
Even more important is the stress in layers residing on the substrate. Although epitaxial growth leads to the same strain in the CoO layer on Ir(100) and CoIr(100), the interaction with the substrate leads to a difference in the surface stress. DFT (DFT þ U) calculations predict only small stress values for Co 3 Obviously, the films' stability is determined by the interplay of contributions from the film, the interface, and the substrate. Their sum is captured in the phase diagrams in Fig. 3 . In this overview of the thermodynamic stability, the (100)-type cð4 Â 2Þ phase and phases of slightly lower, cð10 Â 2Þ, and slightly higher, cð8 Â 2Þ, oxygen content are compared. Both phases have been found on the bare Ir substrate and correspond to a buckled Co-O(111) bilayer and a O-Co-O(111) trilayer [4, 8, 30] . Panel (a) displays the energetics of the phases on bare Ir and panel (b) that when interfaced by an additional Co layer, both as a function of the oxygen chemical potential. On the bare substrate, the cð4 Â 2Þ is never the energetically favorable phase. The similar slope of the curves for the cð4 Â 2Þ and cð10 Â 2Þ phases is a result of the small difference in the oxygen content (1.0 vs 0.9 ML). In contrast, the situation changes completely with a Co layer at the interface between the oxide and substrate: The cð4 Â 2Þ phase now is [panel (b) ]. The reason for the higher stability of the CoO layer is directly related to the interface chemistry, as the Co interface layer significantly raises the interaction energy of the Co 3 O 4 layer with the substrate from a value of À3:7 eV=unit cell for Ir(100) to À5:4 eV=unit cell for Co=Irð100Þ (this is much less pronounced for the other phases). The stronger binding is also reflected by the oxygen-substrate bond length, which decreases from 2.15 Å on bare Ir(100) to 1.93 Å in the presence of interfacial Co, i.e., significantly more than caused by the different radii of Ir and Co. The binding scenario also explains why the cð4 Â 2Þ phase does not develop without interfacial Co layers. The strong interaction of O with the interfacial Co is particularly important for the Co 3 O 4 phase, which binds to the substrate exclusively via oxygen in a rocksalt configuration. This is different for the competing cð8 Â 2Þ and cð10 Â 2Þ phases, which both display a wide variety of bond configurations to the substrate.
In conclusion, we have demonstrated that the interface chemistry (and not the surface strain and stress) is crucial for the crystallographic orientation of CoO films epitaxially grown on Ir(100). In particular, the film orientation can be changed without changing the substrate. Important for the growth in (100) orientation is the development of a precursor state, i.e., a CoO(100)-type layer with cð4 Â 2Þ periodic Co vacancies. This can be created on Ir(100) only when interfacing Co layers exist. The cð4 Â 2Þ precursor state seems to be prototypical for (100) growth as it has been observed also for other oxides on other substrates. As we have shown, its formation is not driven by a reduction of surface stress, as the latter is lower for a (hypothetical) Co 3 O 4 =Irð100Þ than for Co 3 O 4 =Co=Irð100Þ. Instead, the binding of the oxide to the support is important, whereby the chemical nature of the outermost atoms seems to be decisive. So, for the present system, there is a competition between monolayer phases of (111)-and (100)-type [the latter is the defective cð4 Â 2Þ phase] which trigger (111) or (100) growth, respectively. The presence of interfacial Co layers favors (100) growth as if a chemically different substrate like, e.g., Pd were used. We therefore speculate that this chemical stabilization of a precursor phase can be a general phenomenon and that, consequently, the proper choice of the chemical interface between the film and support may be used to tune the growth orientation also in other systems.
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